To optimize the leek peeling performance, a new nozzle has been developed in which the nozzle has a design Mach number of 1.68, an inner diameter of 2.0 mm at the throat, and an inner diameter of 2.3 mm at the exit. Experiments have been conducted over a range of nozzle pressure ratios from 3.0 to 6.0. Flow field issued from the new nozzle is quantitatively visualized by the rainbow schlieren deflectometry and compared with that from a conventional nozzle. Density fields in the free jets are reconstructed by the Abel inversion method for the schlieren images with the horizontal rainbow filter. The density values at the exit of the conventional nozzle obtained by the rainbow schlieren are compared with the analytical results by the flow model proposed in the past. In addition, Pitot probe surveys along the jet centerline were made to obtain the impact pressure distributions. The Mach number and velocity distributions along the jet centerline are obtained from a combination of the density and Pitot pressure data to clarify the fundamental flow structure of leek peeler nozzle jets.
Introduction
The average age of farmers of Japanese agriculture is 66.6 years old in 2017 [1] and aging is expected to accelerate rapidly year by year. It is obviously a daunting and time-consuming task for old farmers to peel white leeks before the shipment. Hence, in an agricultural sector in Japan, there are some cases to peel leeks using the jet from a nozzle attached to a compressor which farmers generally hold as an air source. Air jets from leek peeler nozzles are often used to remove the outer layer of the leeks containing dirt as shown in Figure 1 [2].
For the same nozzle and working distance, the peeling potential of leeks is conventionally presumed to be proportional to the stagnation pressure, just upstream of the nozzle. However, jet noises as well as fuel expenses required for working compressors increase with increasing nozzle operating pressure. To the authors' knowledge, leek peeler nozzle jets have never been studied so far from the viewpoint of fluid dynamics and there is no reliable data on leek peeler jets.
Therefore, in the present study, two different nozzles for peeling white leeks are examined. One is a conventional nozzle with a cylindrical wall contour and the other is an improved nozzle with a convergent-divergent wall contour. The performance of leek peelers seems to depend on impact force of the jet. In industrial applications, Pitot pressure is regarded as a measure of impact force of a jet so that the efforts have been made to develop nozzles with a high Pitot pressure.
However, a Pitot probe has limited spatial resolution and in supersonic flow the Pitot probe does not indicate the local total pressures, since a detached shock wave stands ahead of the tube. The detached shock also introduces disturbance or velocity change to the flow. Therefore, in addition to Pitot pressure measurements of jet flow fields, rainbow schlieren techniques [3] [4] are for the first time applied to the free jets issued from the conventional and improved nozzles for quantitative visualization of flow fields at high spatial resolution, and they will enable some progress in the understanding of the fundamental fluid dynamics of jets from leek peeler nozzles, since other properties of the jet flow fields including the Mach number, velocity, and temperature can be estimated from a combination of the density and Pitot pressure data. Although concerning the practical leek peeling process, jet inclined angles would have some effects on the peeling performance; the flow characteristics of free jets only are investigated as the first phase of the study.
Experimental Set-Up

Experimental Apparatus and Optical Systems
The experiments were performed in High-Speed Gasdynamics Research Laboratory at the University of Kitakyushu in Japan. Figure 2 shows a schematic drawing of a blowdown type supersonic wind tunnel with simple optical configurations for the schlieren system.
The rectangular Cartesian coordinate system with the x, y, and z is also shown in Figure 2 . The high-pressure dry air supplied by a compressor to an air storage tank is discharged into the atmosphere through a solenoid valve, a plenum chamber, and an axisymmetric supersonic nozzle. The air storage tank provides a total capacity of an approximate 2 m 3 and is capable of supplying air at a maximum storage pressure of 1 MPa. The solenoid valve is used to regulate the pressure in the plenum chamber, which can be held constant automatically of density fields from rainbow schlieren pictures was performed using the Abel inversion technique, which is effective for axisymmetric flows. Detailed description of the rainbow filter calibration and the method for determining the density field in an axisymmetric jet from experimental schlieren images are given in the paper by Al-Amar et al. [3] .
Leek Peeler Nozzles
A schematic drawing of a conventional leek peeler nozzle is shown in Figure 4 .
It has a cylindrical internal wall contour with an inner diameter of 2.0 mm and a longitudinal length of 25 mm, and it has a square corner at the nozzle inlet and exit. A new leek peeler nozzle shown in Figure 5 was fabricated by Meiji Air
Compressor MFG. Co., Ltd., Okayama, Japan, and the improved nozzle has an inner diameter of 2.0 mm at the throat and an inner diameter of 2.3 mm at the exit. The nozzle manufacturing method used in the present study is representative of the design of practical leek peeler nozzles. Such nozzles do not have smoothly varying contours designed by the method of characteristics to produce shock-free jets in the design condition, and instead, they have a conical converging section, a constant-area throat, and a conical diverging section followed by a short straight section which will have a simple structure for mass-producing.
The method of characteristics is not appropriate for nozzles with small diameters used in the present study.
The jet from the improved nozzle is expected to be correctly expanded for a nozzle pressure ratio of 4. 
Pitot Probe
The jet flow field has been measured also by a conventional Pitot probe as shown in Figure 
Results and Discussion
Rainbow Schlieren Pictures
The rainbow filter shown in Figure The rainbow schlieren pictures for free jets from the conventional nozzle are presented in Figure 7 and Figure 8 with flow from left to right. Figure 7 shows schlieren pictures with the horizontal rainbow filter and the filter is set in the same orientation as in Figure 3 . Also, Figure 8 shows schlieren pictures with the vertical rainbow filter and the filter is set by turning it 90 degrees counterclockwise. When NPR is held constant at 3.0 as shown in Figure 7 (a) and Figure   8 (a), the jet boundary from the nozzle exit diverges slightly. Hence, the jet flow is underexpanded with a regular and quasi-periodic shock cell structure extending over z equaling about 17 mm. The streamwise distances from the nozzle exit for typical shock cells in the free jets are shown in Figure 8 that jets with a Mach disk are responsible for intense shock-associated noise consisting of the screech tones and the broadband shock-associated noise [5] , because the intensity of broadband shock-associated noise depends critically on the strength of the shocks in the shock-cell structure. Typical rainbow schlieren pictures of the jets from the improved nozzle are presented in Figure 9 and Figure 10 corresponding to Figure 7 and Figure 8 , respectively, for the conventional nozzle. As mentioned previously, the improved nozzle jet is overexpanded for NPRs = 3.0 and 4.0 by the calculation based upon the one-dimensional inviscid theory. As a result, in case of Figure   9 (a) for NPR = 3.0, no distinct shock-cell structure appears in the jet from the nozzle exit plane, and Figure 10 (a) for the same nozzle pressure ratio shows a shock wave just downstream of the nozzle exit plane. The shock wave can be considered to be an oblique shock wave with a Mach disk.
As shown in Figure 9 (b) and Figure 10 (b), when NPR increases from 3.0 to 4.0, the oblique shock is weaker in its strength when compared with those in Figure 9 (a) and Figure 10 In general, mass flow rates through nozzles with high pressure ratios depend only on the plenum pressure upstream of the nozzle and the area at the nozzle throat (the area at the nozzle exit for the conventional nozzle). The improved nozzle has the same throat area as the conventional nozzle, and therefore, both nozzles have the same air consumption rate. Furthermore, the dominant noise issued from free jets with high pressure ratios are shock-associated noises which are produced as a result of an interaction between shock waves and jet shear layers. The free jets issued from the improved nozzle contain weak shock waves when compared with those from the conventional nozzle for the practical operating condition (NPRs = 5 and 6) in leek peering process. Thus, the improved nozzle would be more effective for noise reduction compared with the conventional nozzle.
Density Distributions along Jet Centerline
A comparison of centerline density distributions of the free jets from the conventional and improved nozzles is presented in Figure 11 In the case of NPR = 6.0, the jet from the improved nozzle becomes an underexpanded state. As a result, slightly strong shocks appear in the shock-cell again.
We consider the density value at the nozzle exit plane for NPR = 5.0 in Figure   11 assumed to be isentropic, the density value at the nozzle exit plane becomes 3.74 and the corresponding experimental density value is 2.52, which is considerably lower than the theoretical one. This means that the losses including wall frictions as well as shock waves exist inside the conventional nozzle, for the flow in the contractions at the nozzle inlet may be choked [6] , hence, it can be inferred that a shock wave stands at a position inside the nozzle. To clarify the cause of flow losses in the conventional nozzle, the present experimental data from the rainbow schlieren in Figure 11 are quantitatively compared with the analytical results estimated using the flow model proposed by Nakajima et al. [7] . A comparison of the experiment, analysis, and theory for the density value at the nozzle exit are shown in Figure 12 .
The flow model of Nakajima et al. assumes that an incoming flow through a constant-area long pipe with the sharp corners at the nozzle inlet and exit produces a normal shock due to an effect of the vena contracta just downstream of the nozzle inlet before being choked at the nozzle exit due to the wall friction. As shown in Figure 12 , the densities at the nozzle exit calculated by one-dimensional theory and the flow model is directly proportional to NPR and for higher NPRs, the experimental data are in good quantitative agreement with the flow model of Nakajima et al., which means that the flow in the conventional nozzle contains shock loss as well as friction loss for higher NPRs.
Pitot Pressure Distributions along Jet Centerline
Pitot probe surveys of free jets issued from the conventional and improved nozzles were made to obtain the impact pressure on the jet centerline over a range of As shown in Figure 13 for the smallest pressure ratio, the Pitot pressure for the conventional nozzle is kept almost constant with small spatial fluctuations due to the shock-cell structure of the jet over the streamwise distance from the nozzle exit to z equaling around 10 mm and then gradually decreases toward
downstream. On the other hand, the Pitot pressure for the improved nozzle gradually increases over a range of distances from z = 0 to around 10 mm and it remains almost kept constant between z equaling around 10 mm and 15 mm and then gradually decreases toward downstream. The Pitot impact pressure for the conventional nozzle is always higher than that for the improved nozzle over the whole region measured. In the case of NPR = 4.0 (Figure 13(b) ), the Pitot pressure for the conventional nozzle matures into a periodical wave with a large amplitude when compared with that in the case of NPR = 3.0. The Pitot pressure for the improved nozzle is kept almost constant from the nozzle exit to the z equalling around 10 mm and then gradually decreases, yet still lower than that for the conventional nozzle. The downward arrow on the Pitot pressure distribution for the conventional nozzle in Figure 13 (c) and Figure 13(d) indicates the Mach disk location obtained from the rainbow schlieren picture and these figures show that the Pitot impact pressure decreases rapidly from the nozzle exit to the Mach disk due to the expansion waves from the nozzle lip and then gradually increases after the Mach disk. A similar phenomenon relating to the recovery of the Pitot pressure behind the Mach disk was reported also by Donaldson et al. [8] , Samimy et al. [9] and Katanoda et al. [10] . To clarify the Pitot pressure recovery after a Mach disk, numerical simulation using the Euler equations was made by Katanoda et al. [10] , who showed that the Pitot pressure remains almost constant downstream of the Mach disk and found a large discrepancy between experiment and simulation. Katanoda et al. [10] [11] presumed that the Pitot pressure recovery is attributed to the transfer of momentum from the region outside the slip streams formed by the triple point of the Mach disk to the central part of the jet. However, the detailed mechanism of Pitot pressure recovery is still controversial and further studies are required to grapple with the phenomenon. Nevertheless, the Pitot pressure is in total higher for improved nozzle than the conventional one except for the regions just behind the nozzle exit and over a range from z = 10 mm to 15 mm, for the jet from the improved nozzle includes negligible loss as compared with that from the conventional nozzle and in particular the jet from the improve nozzle does not contain a Mach disk.
Mach Number and Velocity Distributions along Jet Centerline
The Pitot pressure and density data are available to calculate the Mach number distributions along the jet centerline. Considering that Pitot pressures contain the normal shock loss when the flow Mach number M is greater than 1, a combination of the Pitot pressure p i and density ρ leads to
and for flow Mach numbers less than or equal to 1, 
Concluding Remarks
Two different nozzles for peeling white leeks were examined in the present study. One was a conventional nozzle with a cylindrical wall contour and the other was an improved nozzle with a convergent-divergent wall contour. The rainbow schlieren visualization and Pitot pressure surveys were made for the jet from each nozzle. It was found that the jets from the conventional nozzle are Mach number and velocity data presented here are considered to be of suitable quantity and quality that they form an appropriate database to act as a CFD validation test case in the future, and, the authors believe that the data will be effective for the design of more efficient leek peeler nozzles.
